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Forward-angle yields of targetlike products in reactions between a ' Si beam and a "N target have
been measured at laboratory energies between 100 and 170 MeV. The ' C and ' 0 yields are found
to be higher than those of ' N over the nmasured range of energies. This is interpreted as evidence
for the equilibration of charge and mass in orbiting reactions.

PACS numbers: 25.70.Jj, 25.70.Lm

The intimate interaction between light heavy ions
often results in the formation of an orbiting dinuclear
complex (DNC). Such a composite is characterized by
a dinuclear shape, which distinguishes it from a com-
pound nucleus. The direct fragmentation of such a
DNC we therefore expect to be dominated by yields of
complex fragments, as has been documented in the
literature. ' 6 This is to be contrasted to the process of
light-particle evaporation which dominates com-
pound-nucleus decay. Other distinguishing features of
the orbiting process are the strong memory of the en-
trance channel, ~ and lifetimes6 intermediate between
those expected for direct and compound-nucleus
processes. Studies of the alignments 7 s of orbiting
yields and the energy division between orbiting
products have shed additional light on the dynamics of
the process. Information on the nature and extent of
particle exchange in such interactions has, however,
been lacking and is essential in establishing the se-
quence of events which lead from dissipative collisions
through the intermediate orbiting process to
compound-nucleus formation. We therefore investi-
gate, herein, whether the DNC's formed in orbiting
interactions live sufficiently long to permit extensive
particle exchange. This would establish whether or not
such exchange occurs within a dinuclear configuration

and prior to the formation of a compound nucleus.
The results of our experiments demonstrate, for the
first time, that such orbiting complexes indeed live
sufficiently long for the exit-channel yields to be
determined by phase-space considerations (we refer to
the resulting distribution as reflecting charge and mass
equilibration).

Existing orbiting measurements' 6 do not provide
compelling evidence for a phase-space determination
of exit-channel yields. To obtain more definitive data
requires the formation of a DNC via an entrance chan-
nel which is not the one most favored on energetic
grounds for breakup, and at energies where there are a
number of accessible exit channels (both inelastic and
transfer). It is for this reason that we have selected
the 2sSi+'4N system for study. Figure 1 shows a
schematic plot of the potential energies in the ground
state of dinuclear particle-transfer channels open to the
2sSi+ '2C and 28Si+ '~N interactions. The mass dif-
ferent (Q value) between the entrance channel and
each of the other channels has been adjusted by the
appropriate differences in the Coulomb, nuclear, and
centrifugal energies. A value I= 23 for the orbital an-
gular momentum has been chosen for this plot.
Within each particle channel are channels for inelastic
excitation and these determine the corresponding
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FIG. 2. Yields of ' N nuclei at HI,b= 5' from the Si+ ' N
interaction plotted as functions of the combined intrinsic ex-
citation energy of the two nuclei. The data have been shown
for 2 Si laboratory bombarding energies between 100 and
130 MeV.

FIG. l. Potential energies adjusted for Q value of dinu-

clear particle-transfer channels open to the 2 Si+' C and
Si+ '"N interactions. 3 I is the targetlike component of the

DNC. The figure illustrates the dramatic difference between
the number of channels open to the two interactions at low

excitation energies.

phase spaces available to each of the exit channels. It
is clear that there are several particle-transfer channels
accessible to the 2aSi+ '"N interaction even at relative-
ly low excitation energies. In stark contrast, the
28Si+'2C and 2~Mg+'60 systems have very few chan-
nels accessible at excitation energies (relative g) ~ 10
MeV, rendering them inappropriate for studies of
mass and charge equilibration. On the basis of energy
and phase-space considerations, if the duration of or-
biting exceeds the time required for charge and mass
equilibration, '2C would be the most common product
nucleus in the zeSi+' N interaction; otherwise, '4N

would be the most common one.
In the measurement reported here, 2aSi beams with

energies between 100 and 170 MeV, provided by the
Oak Ridge National Laboratory Holifield Heavy Ion
Research Facility, were used to bombard a '4N super-
sonic gas-jet target. Targetlike reaction products
(3 ( Z ( 10) were detected at laboratory angles
between 3' and 7' corresponding to center-of-mass an-

gles between 165' and 175' in the kinematically re-
versed reaction ('4N beam on a 28Si target). The reac-
tion products were detected at the focal plane of an
Enge split-pole spectrograph by a hybrid ionization
chamber. 'o By use of the position, energy, and
energy-loss signals provided by this detector it was
possible to identify the reaction products in terms of
both mass and charge. "

Figure 2 shows the yields of '4N nuclei from the
2aSi+'4N interaction plotted as functions of the com-
bined intrinsic excitation energy of the two nuclei.
The discrete maxima in the spectra can be identified
with the combined inelastic excitations in the '4N and
2aSi nuclei. Since we are dealing with continuum spec-
tra, it would have been impossible to identify products
from target contamination, and thus our use of a '4N

supersonic gas-jet target eliminated such complica-
tions, as the target is free of impurities and also does
not suffer from problems, such as carbon buildup,
which are common with solid targets. The background
in our experiments has been measured, through stud-
ies of elastic scattering, to be negligible. From such
spectra (Fig. 2), the extracted kinetic energies and
excitation-energy-integrated emission probabilities
(do/d8) of reaction products are found to be in-
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FiG. 3. Orbiting cross sections for the '2C, '4N, and '60
products plotted as functions of center-of-mass energy. The
data are shown as points. The curves are the results of a cal-
culation using a dinucleus approach.

dependent of angle as has been observed for the same
interaction, over a wider angular range, in a prelimi-
nary study. 9 A similar angular dependence has been
observed for the orbiting process in several other sys-
tems over the whole backward hemisphere. 2 In the
forward hemisphere, the orbiting yields are often ob-
scured by other (direct) processes. In all such studies,
therefore, the total angle-integrated orbiting cross sec-
tions are obtained by the assumption that the angular
dependence of the orbiting process, as seen in the
backward hemisphere, persists in the forward hemi-
sphere too.

Figure 3 shows the absolute angle-integrated orbit-
ing cross sections for the '2C, '4N, and '60 exit chan-
nels plotted as functions of energy. At nearly all in-
cident energies, the '2C and the '60 yields are larger
than those of ' N leading to the conclusion that the
duration of orbiting in this interaction is sufficiently
long to permit charge and mass equilibration. The exit
channel with the lowest 0 value (see Fig. 1) is found
to have the largest cross section. On the basis of ener-

gy considerations alone (ground-state Q value or 0~
systematics'2), for our measurement, the ordering of
the yields in decreasing intensity would have been '2C,
'4N, and '6Q, respectively. The yields from the
28Si+'4N interaction in fact show this trend at a lab-
oratory energy of 100 MeV. The excess of '60 over
'4N, at the higher energies, we believe, is because
there is substantially greater phase space available to
the 26A1+'60 channel than to the 28Si+'4N, even
though the latter is energetically favored. The number
of low-lying energy levels for excitation in the 26A1

odd-odd nucleus far exceeds those in 28Si.

It is our opinion that the phase space relevant to a
discussion of the orbiting process is that of a dinu-
clear configuration. Although the saddle (prescission)

shape of a compound nucleus of mass 42 is also dinu-
clear, compound-nucleus evaporation calculations'3 for
the SSi+ '4N interaction underpredict the orbiting
yield by at least a factor of 6, and fail to reproduce the
relative '4N/'60 yield. In a calculation using a dinu-
cleus approach, '4 the relative orbital angular momen-
tum for all exit channels is constrained to a magnitude
dictated by the "sticking" conditions in the entrance
channel. The presence of this constraint is corroborat-
ed by the strong alignment of the products from orbit-
ing interactions, as has been reported recently. 5 8 Also
shown in Fig. 3 are some results of such a calcula-
tion. " The agreement between theory and data is en-
couraging.

In a comparison of the relative orbiting yields of '2C

and '60 nuclei from 24Mg+'60 and 28Si+'2C col-
lisions, it had been concluded4 that the magnitude of
this ratio depends on the entrance channel. Such an
observation is in contradiction to our claims, based on
the present measurement, of a phase-space determina-
tion of exit-channel yields. As illustrated in Fig. 1, the
28Si+'4N system is significantly different from both
the 28Si+'2C and 2~Mg+'60 systems in terms of the
number of accessible particle-transfer channels at exci-
tation energies near and below 10 MeV. This is the re-
ported average excitation energy in the 24Mg+'60
measurement, 4 and since the nucleon-transfer chan-
nels are energetically inaccessible, copious particle
transfer was not observed. This could account for the
strong preference of the 24Mg+'60 orbiting complex
to decay into the entrance channel at these low excita-
tion energies. It is well known from studies of dissipa-
tive collisions that vibrational and rotational excita-
tion'5 provide, in addition to particle exchange, a
mechanism for energy damping. It is possible that
both mechanisms are operative in orbiting reactions.
It would be of interest to investigate the Mg+' 0 in-
teraction at higher energies to elucidate the relative
role of nucleon exchange and inelastic excitation in ef-
fecting the dissipation of energy and angular momen-
tum.

In conclusion, we have measured the orbiting yields
of reaction products from the Si+' N interaction.
The relative magnitudes of the orbiting yields indicate
that the DNC's formed in such interactions live suffi-
ciently long to permit the equilibration of charge and
mass. In our measurement both the '60 and the '2C

orbiting yields exceed the '4N indicating that there is
no preferred direction for mass flow between the in-
teracting nuclei. Since the orbiting yields are typically
10'/0 of the fusion yield, and we believe that the orbit-
ing process reflects how the DNC's formed in such
collisions evolve towards fusion, it seems apt to con-
clude that fusion occurs not through a process of con-
tinual particle exchange whereby one nucleus is gradu-
ally consumed by the other, but by a change of shape
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of a dinuclear system that retains its mass asymmetry.
These ideas bear further investigation.
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